Energy system is the center of sustainable development which includes social, economic and environmental dimensions as depicted in Fig.1 . From the viewpoint of sustainable development, social and economic development can be attained through the secure, reliable and affordable supply of energy but it is not sustainable if it threatens the environment and human health. Therefore, it is an essential task to analyze and assess the energy system from the viewpoint of sustainable development.
Energy system is the center of sustainable development which includes social, economic and environmental dimensions as depicted in Fig.1 . From the viewpoint of sustainable development, social and economic development can be attained through the secure, reliable and affordable supply of energy but it is not sustainable if it threatens the environment and human health. Therefore, it is an essential task to analyze and assess the energy system from the viewpoint of sustainable development.
Thus an Integrated Analysis and Evaluation Support System for Sustainable Development (IAESSD) has been developed for analyzing and assessing energy systems from the aspect of sustainable development of regional, national even the global levels. The developed IAESSD consists of three major components: Multilevel Flow Model (MFM), Geographic Information System (GIS) and Diver Force, State and Response (DSR) model. The three components are linked together through the Energy Indicators for Sustainable Development (EISD) as shown in the Fig.2 . The MFM is a kind of semantic graphic modeling method. It is used to represent and account the processes from energy production to energy consumption of an energy system. When the values of all the necessary processes are calculated, the values of corresponding EISD parameters are obtained by grouping the values of processes in the MFM. The GIS is used to incorporate and calculate the corresponding socio-economic and environmental EISD parameters in the IAESSD based on the spatial data and attribute data by using the predefined mathematical calculation and statistic models. In this system, the DSR model provides a mechanism to construct the interlinkages among the caculated EISD parameters based on the causality relationships. Through the integration of MFM, GIS and DSR, the developed IAESSD can assist the analysts to evaluate the energy systems from social, economic and environmental dimensions for sustainable development in a comprehensive way.
By using the IAESSD, appropriate options of energy policies can be evaluated by the three steps; (i)calculation of EISD parameters based on the MFM and GIS, (ii) causal analysis for the time changes of the EISD parameters by using the DSR model, and (iii)recommendation and investigation new policy options in qualitative analysis way based on the causal analysis results.
On the basis of the above-mentioned concept, an integrated computer based information system called IAESSD Studio has been developed for the total analysis and evaluation for the sustainable development of energy systems from regional to national even the global levels. In the IAESSD, MFM, GIS and DSR are all realized as software packages, and various analysis can be carried out dynamically according to the users' commands.
As a case study, the energy system of China is simulated and analyzed by using the developed IAESSD from the aspect of sustainable development. As the result of analysis, the causes of the energy system development in the last 5 years are tracked and some recommended energy policies are reviewed to see whether or not would be appropriate for the 11th Five-Year Plan of China. Through the conduct of this case study, the developed support system-IAESSD has been proven as a feasible tool for analyzing energy systems for sustainable development.
Introduction
The adequate and affordable energy supplies have been the key substance to economic development and the transition from agricultural economies to modern industrial and service-oriented societies. Energy is central to improved social and economic well-being and it is indispensable to most industrial and commercial generation of wealth. But the production, delivery and usage of various kinds of energy generate very negative influences for the environment and human health. Furthermore, current supply and utilization of energy mainly are based on the limited resources of fossil fuels. All of these have raised the notion of energy sustainable development around the world (1) (2) . In order to realize the sustainable development of the energy systems, we need to measure and assess the current and future effects of energy supply and consumption from the social, environmental and economic aspects. We should analyze the historical causes deteriorated the sustainable development, in order to guide us to make wise decision to improve the sustainability by monitoring the results of the implemented policies for improving the sustainability.
For this purpose, a lot of studies have been conducted on sustainable development of energy or environment systems such as to evaluate the technology or policy for sustainable energy system by employing multi-criteria techniques including the weighted averages, priority setting and ranking, fuzzy principles and their combinations (3)- (5) . In order to identify and develop the indicators for the evaluation and decision making, various modeling frameworks have been proposed such as Pressure State and Response (PSR), Driver force, State and Response (DSR) and Driver force, Pressure, State, Impact and Response (DPSIR) to reduce many sets of indicators for various levels of sustainable development (6) - (10) . Also some decision support systems have been developed based on the frameworks combined with various multi-criteria decision techniques.
However, according to the authors' understanding, the analysis support systems in previous studies mainly focused on one specific aspect of detailed energy or environment systems, for example just for the forest management, water resource management and so on (11) - (17) . And, at present, it lacks new methodology to evaluate the whole energy system on wide level of entire energy flow from production to consumption for a nation or more global geographical region with various multi-facet decision supports by aggregating various evaluation indicators from versatile aspects. The authors have developed an integrated analysis and evaluation support system for sustainable development (IAESSD) on levels from area to country even the world. The IAESSD system proposed in this study is a sort of knowledge management system in which the whole energy flow in energy system is simulated by a semantic graphic modeling method called Multi-Level Flow Model (MFM) and the socio-economic and environmental consequences of the energy flow are represented by the implementation of Geographic Information System (GIS) to compute various Energy Indicator for Sustainable Development * Graduate School of Energy Science, Kyoto University, Gokasho, Uji, Kyoto 611-0011
Paper (EISD). The Driver force, State, Response (DSR) model is employed to organize the EISD through constructing the causality relations among the EISD. Various qualitative reasoning and analysis can be carried out based on the causality relations in DSR, including tracking the causes of the development trend for each of the EISD, recommending new policies for improving the EISD for sustainability direction, and predicting the effect propagations of the proposed new polices dynamically. The MFM is a kind of semantic graphic modeling method, which has been used as a simulation tool in various fields (18) - (26) . It is used to represent and account the processes from energy production to energy consumption of an energy system in this study. The computation can be undertaken based on the continuity and conservation equations of mass and energy and various defined mathematical formulas by the users. When the values of all the necessary processes are calculated out, the values of corresponding EISD can be obtained by grouping the values of processes in the MFM. The GIS is usually used to assist for the energy development plan (27) - (30) and provide the environmental and social data to show the environmental and social indicators movement over the time (31) - (34) . The GIS is a useful and necessary tool for incorporating socio-economic and environmental indicators for sustainable development, because the integration of social, economic and environmental indicators in a spatial framework allows for more powerful and realistic analyses than those offered by conventional methods. Another advantage of using GIS lies in its ability to perform visual and mathematical calculations and statistics. In this study, the GIS component is used to provide means for organizing data sets of society, economy and environment and carrying out the necessary mathematical calculations and statistics for the corresponding EISD which are difficult to be obtained by using MFM. Based on the MFM and GIS, a set of EISD can be obtained dynamically. The indicators can be organized by using the DSR framework which was adopted by the United Nations Commission on Sustainable Development (CSD) as a tool for organizing information on sustainable development and for developing, presenting and analysing indicators of sustainable development (6) .
This framework has also been used by the World Bank and International Atomic Energy Agency (IAEA) and International Energy Agency (IEA) in its work on indicators of environmentally sustainable development (7) (8) . And in the authors' developed IAESSD, the DSR not only provides a framework to identify and develop a set of energy indicator for sustainable development, but also provides a mechanism to construct the interlinkages among the indicators based on the causality relations among them. Through the integration of MFM, GIS and DSR by using EISD, the developed IAESSD can assist the analysts to analyze and evaluate energy systems of region, nation even the world from social, economic and environmental dimensions of sustainable development in a comprehensive way. This paper is organized as follows: the next section presents the basic issues on sustainable development; and the section 3 and 4 introduce the model development and the system design respectively; the section 5 presents a case study followed by the conclusion in the section 6.
Basic Issue on Sustainable Development

Sustainable Development
These days, "sustainable development" has become a popular keyword for the future of human civilization or national and global developments. There are more than hundred definitions of sustainable development. However, the most widely known one is by the Brundtland Commission in 1987 defined as "development that meets the needs of the present without compromising the ability of future generations to meet their own needs" (2) . According to Herman E.
Daly (35) , there are three principles for the sustainable development:
(i)For renewable resources such as soil, water, forest, fish, etc. the sustainable rate of use can be no greater than the rate of regeneration; (ii) For non-renewable resources such as fossil fuel, high-grade mineral ore, fossil groundwater, etc. the sustainable rate of use can be no greater than the rate at which renewable resources can be substituted for them; and (iii) For pollutants the sustainable rate of emission can be no greater than the rate at which the pollutant can be recycled, absorbed, or rendered harmless by the environment. These three principles provide the basics to evaluate and decide the attributes of the indicators for the sustainable development.
As shown in Fig.1 , the evaluation of energy system should include three dimensions, i.e., society, economy and environment. From the viewpoint of sustainable development, socio-economic development can be attained through the secure, reliable and affordable supply of energy. Energy services will help to fulfill basic need for food and house. They will also contribute to social development by improving education, public health and alleviate poverty. Access to environmentally beneficial modern energy services will reduce deforestation and decrease pollution through more efficient energy use.
These three dimensions are linked with each other. Sustainable development depends upon the balance of various policies and their effective implementation to achieve economic, environmental and social needs. Economic growth requires a secure and reliable energy supply but it is not sustainable if it threatens the environment or social welfare. Environmental quality will be readily protected if basic economic needs are met while social development will need both economic growth and healthy environment.
Energy System for Sustainable Development
As depicted in Fig.1 , energy system is the center of sustainable development. The energy flow starts from its production and ends by the final use. The primary energy (conventional fossil fuels, nuclear, biofuels, wind, hydro, wave, tidal power, etc) is extracted from natural resources, and either directly used or converted to secondary energy (electricity, heat, hydrogen). There are also many trades of energy. A country or region may import energy it needs or export energy in excess of its requirements. The whole energy systems are in part hierarchical and complicated network systems. Energy systems are constituted of various processes such as generation, conversion, transportation, distribution and consumption of various substances and energy in various forms. And there exist various interactions between the individual elemental processes. Those interactions are considered as constraints to the individual processes. Furthermore, much of the current energy supply and use are based on limited resources of fossil fuels and there is no energy production or conversion technology without risk or without waste. From every place from resource extraction to the provision of energy services pollutants are produced, emitted or disposed often with severe impacts for the environment (atmosphere, water and land). Even if a technology does not emit harmful substances at the point of use, emissions and wastes may be associated with its manufacture or other parts of its life cycle.
The MFM seems an effective tool to describe various processes of energy flow, the constraints between them (23) (24) and to derive various indicators to evaluate the degree of sustainability of the energy system. Furthermore, the GIS can provide the necessary spatial data and attribute data that represent consequences of energy supply and consumption for real environment and the socio-economy and derive indicators in these dimensions which are difficult to expressed and obtained only by using MFM.
Energy Indicators for Sustainable Development
Since the sustainable development of energy system has three dimensions of society, economy and the environment, it is natural to classify the energy indicators for sustainable development into those three dimensions. A set of energy indicator for sustainable development (EISD) have been developed under the leadership of IAEA for evaluating energy sustainable development at a national level from the three aspects of society, economy and environment (1) . The whole set of EISD by IAEA is composed of 30 energy indicators. The configuration scheme of IAEA's EISD is shown in the Table 1 .
The definition and application of EISD set is normally dependent on the specific purpose, conditions, priorities and data availability of the region or country to be evaluated, therefore it is normally necessary to redefine the set of EISD in different region or country. Therefore, by referring the EISD originally proposed by IAEA, one should redefine alternative set of EISD from social, economical and environmental aspects. The EISD must be prepared to represent the dynamic processes and the effects of them of energy flow of a regional or a national even global energy system which is represented by MFM and GIS. And it should be arranged so that it can afford to analyze the causality relations set by the DSR model.
Model System Development
On the basis of the above-mentioned concept, an integrated environment called as IAESSD which consists of MFM, GIS and DSR has been developed so that it can support total analysis and evaluation on sustainability of any energy systems of any scale ranging from regional to national even to global.
MFM Model (1) Basic Idea
The MFM is a kind of functional modeling method not only to describe the semantics of any object on the hierarchical structure of goals, functions and components, but also to represent the ''internal process'' of physical behavior by network structure of flows of mass, energy and information, where special graphs are drawn for MFM model of the target object by using a set of standard symbols (18) . Traditionally, the MFM has been mainly used in the process control areas for reducing various human-machine system technologies ranging from signal validation, fault monitoring and fault diagnosis to procedure generation and human modeling (19) - (22) . While in this study, the applications of MFM are extended to represent the semantic structure of various energy systems then to account for the various indicators of sustainable development based on the representation. In fact, various energy systems seem to have the same morphological character as those of the process plants because they have the flow networks of matter, energy and information as in the process system, although the issues and application methods are rather different from the process plant (23) (24) .
(2) Graphical Modeling by MFM
The MFM symbols of basic functions and relations employed in this study are shown in Fig.2 . As seen in the left-hand side of Fig.2 , there are five basic functions of "Source", "Sink", "Transport", "Storage" and "Balance". These are basic flow functions on the MFM. The continuity and conservation equations of mass and energy should be satisfied within any MFM function and for any connection of MFM functions. The connection rules with the computation rules to the connection of those MFM symbols are illustrated in Table 2 . In Table 2 , "Fin", "Fout" and "Fs" are the respective values of the inflow, outflow and storage in one MFM function.
Apart from those basic functions, "Relation" is used to organize all of MFM functions to realize a certain "Goal" as shown in the middle of Fig.2 . Before constructing the Goal relations, the functions are grouped into "Network" as seen in the rectangular boxes in Fig.2 . Each Network in the box describes a flow of matter, energy, or mixture of them. There are two basic relations in MFM; "Achieve" relations between networks and goals which indicate that all functions in the network are designed to achieve a certain goal: "Condition" relations between goals and functions which indicate that the function is available only after the goal is achieved.
In this study, updated ideas of Function and Relation are introduced as seen in the right-hand side of Fig.2 .
A function called "Conversion" had been used to express the process in the energy structure in the past study of MFM (25) , but the chemical and nuclear reactions have not been considered, in which new types of matter may arise, old types of matter may disappear and even matter may change into energy, even though total mass and energy are conserved before and after the reactions. In order to describe those reactions, the function called "Conversion" is updated as shown in Fig.2 updated function allows multiple inflows and multiple outflows of matter and energy at the same time, although the total mass and energy keep unchanged after the conversion, the mathematical formulas are always needed to indicate the relationships between them.
Another idea is a updated relationship-"SubNet" which is introduced to describe one MFM function by a sub network in detail. Comparing with the similar concept in past study (26) which can show MFM model in different levels according to the importance of the expressed information, the "SubNet" relation in this study enables the users to express the flow processes in energy and environmental systems by MFM at any degree of detail which can be applied for modularization of MFM modeling, and it can also be used to limit or expand where the boundary is for the issue at hand.
(3) Conduct Dynamic Computation by MFM
In case of applying MFM for process control, the dynamic computations for signal validation, fault diagnosis, etc. are made by applying various algorithms such as fuzzy rule, production rule and neural network for the time-series data coming from plant instrumentation systems. But in case for the evaluation of energy systems for sustainable development, the way of conducting dynamic computation is completely different. To analyze the energy system, various types of computing would be needed on the basis of computation rules of MFM and the mathematical formulas defined by users between the two or more MFM functions. The used method in this study will be explained in the subsequent paragraph by using a simple example.
As a simple example which describes the import of LNG from overseas and distribution to local "LNG Satellite", Figs.3 and 4 show the MFM representation and the computation rules of an energy system, respectively. In Fig.4 , the computation rules based on the MFM connections can be understood by referring to Table  2 , and the mathematical formula "y t = f (x t-1 )" between the outflow of "Overseas LNG" and the inflow of the "LNG Satellite" is defined as "y t = x t-1 ". This means that if you take "t" as month, the import from overseas of current month equals to the consumption of the "LNG Satellite" of the previous month. (When computing towards inverse direction, "inverse function" with appropriate formula should be used.) Here a EISD is defined as the ratio of the LNG reserve to the LNG consumption to measure the security of the LNG supply. For example, when this EISD is too small, we can increase the oversea import in the next month (for example "y t = 1.1x t-1 "), otherwise we can decrease it.
The result of this example is displayed in Table 3 where the input data at "T0" is put in, and at the first month "T1", the value of the outflow of "Overseas LNG" and the value of the inflow of the "LNG Satellite" are also put in, then the values of the other flows at "T1" can be calculated by using the basic computation rules of MFM. And at the second month "T2", the value of the outflow of the "Overseas LNG" equals to the value of the inflow of the "LNG Satellite" of "T1", and if you know the value of the inflow of the "LNG Satellite" of "T2", all of the value of other flows at "T2" can be calculated. By grouping the corresponding flow values, the defined EISD can be calculated out.
From this simple example, we can understand that the MFM is one kind of graphic modeling method. And, the expression by MFM can make the target energy system easy to understand. But this example is very simple. However when a energy system is composed of more than tens even hundreds of processes which must make the computation very complicated and difficult to deal with, the MFM developed in this study can store, manage and compute the data effectively and fast. Since the definition and the evaluation indicator of the sustainable development maybe different for different users or different country, it is very flexiby for the users of MFM to edit the data and relationship formulas 
GIS Model
Although values of some EISD can be obtained by using the MFM based on the energy flow processes, some effects of the processes for the environment and the socio-economy are very difficult to be represented and calculated by using MFM. On the other hand, the GIS is a computer-based platform in the form of digital maps and attributed geo-relational databases, and it is capable of handling not only the attribute data like income or energy consumption of each area but also the spatial data that represent real world features such as urban settlements, roads, water features, forest cover ratio, etc.. It has been applied for energy plan, environment impact assessment, site identification as well as optimum path choice (27) - (34) . Therefore the GIS is very suitable to represent the environmental and socio-economic consequences of the energy supply and consumption and calculate the corresponding EISD based on the attribute data and spatial data. Modern GIS platforms are equipped with efficient tools able to handle enormous volumes various data. In the developed IAESSD, the user can load various necessary GIS map layers to represent the data visually and intuitively and conduct various environment and socio-economy statistics to obtain the relevant EISD by using the predefined mathematical calculation and statistic models such as for sum, average, based on the background data of the GIS as shown in the Fig.5 . For example, we can load the population map layer to see the population distribution in each province of one country, and make a statistic of the total population in one region or the whole country by using the predefined statistic formula for calculating the sum.
DSR Model
The DSR model is illustrated in Fig.6 . The "Driving Forces" are the underlying causes which lead to environmental pressures. Examples are the human demands for agricultural land, energy, industry, transport and housing. These driving forces lead to pressure on the environment, for example, the exploitation of resources (land, water, minerals, fuels, etc.) and the emission of pollutants. The pressures in turn affect the "State" of environment. This refers to the quality of various environmental media (air, soil, water, etc.) and their consequent ability to support the demands placed on them (for example, supporting human and non-human life, supplying resources, etc.). Changes in the state may transfer the relevant information to the decision maker, to generate the "Responses" by society (e.g. politicians, decision makers) to solve the problems identified by the assessed impacts, e.g. policy measures, and planning actions.
The DSR was originally adopted by the United Nations Commission on Sustainable Development (CSD) as a tool for organizing information on sustainable development and for developing, presenting and analysing indicators of sustainable development (6) . It has also been used by World Bank, International
Atomic Energy Agency (IAEA), and International Energy Agency (IEA) in their work on indicators of environmentally sustainable development (7) (8) .
In this study, the DSR model is used to organize the calculated EISD and then carry out qualitative reasoning after defining the causality relations among them. In this study, the causality relations are expressed by using the symbol "+" and "-" as shown in the Fig.7 (the "H" means high, the "L" means low and the "E" means equality), the former means a positive effect, the "H" produces a high effect and "L" produces a low effect, the latter means a negative effect, the "H" produces a low effect and the "L" produces a high effect. Of course, the "E" produces a neutral effect in any time. In our developed IAESSD system, the DSR is realized by using the graph theory (36) , in which the EISD construct a directed graph according to the causality relations among them, through the graph traversal algorithm, the defined causality relations among the EISD and the state of them, various qualitative analysis can be carried out. The qualitative reasoning based on the causality relations of DSR model of the developed IAESSD should provide at least three functions; (i) finding root causes and pathways of the past development of certain EISD based on time series data; (ii) recommending appropriate policies for improving one certain EISD toward the sustainable development direction, and (iii) testing all possible subsidiary effects and the propagation pathways on other EISD when one policy aimed to improve one certain EISD is executed.
Due to the lack of workable comprehensive system to help users to analyze the energy sustainable development in a whole region, country even the world at present, the IAESSD has been developed in this study by integrating the MFM, GIS and DSR through the EISD. This system first can obtain the values of the EISD parameter by conducting the quantitative calculations and statistics by using MFM and GIS. The MFM is mainly used to calculate the EISD parameters focusing on the economic dimension based on the data of energy flow, and the GIS is mainly That is because that the MFM is suitable to represent the energy flow and the GIS can store and manage various socio-environment data and represent them on map visually and intuitively. The MFM based EISD calculation is conducted by combining the MFM and a quantitative simulation based on computation rules just like the MFM computation example described in the Subsection 3.1 (3) . And the GIS-based EISD calculation is conducted by using the predefined mathematic statistic model such as for sum, average, etc. based on various socio-environment data stored in the GIS as described in the Subsection 3.2. When the time series values of necessary EISD parameters are obtained, the past development trend of each EISD can be judged by comparing two corresponding different time series data, here the quantitative calculation is converted into qualitative analysis. At last, various qualitative reasoning can be carried out dynamically described as the last paragraph based on the past development trends and the causality relations among the EISD parameters. Here, the qualitative analysis is used because (i) the precise data and the relationships are not available; (ii) the user may only need the qualitative output; (iii) the qualitative analysis is used as the initial step to identify the potential problems warrant more detailed quantitative analysis. Therefore, although at present the quantitative questions such as where, when and how much for the new policies can not be answered, the IAESSD can really help the users to analyze the energy system for the sustainable development and find the important potential problems quickly and flexibly.
System Design
On the basis of the above-mentioned system concept, an integrated information system called IAESSD Studio has been developed for the total analysis and evaluation of energy systems for sustainable development. In IAESSD Studio, MFM, GIS and DSR are all realized as software packages where various analysis can be carried out dynamically according to the users' commands.
As shown in Fig.8 , the whole system consists of database and three modules of MFM, GIS and DSR which are integrated through the EISD with a graphical user interface (GUI). The EISD consists of three dimensions: society, economy and environment. The MFM is mainly used to calculate the EISD parameters in the economic dimension, while the GIS is mainly used to calculate EISD parameters in the social and environmental dimensions.
The MFM module includes "MFM Editor" for constructing the MFM and the connection between them to represent the target energy system; the "Knowledge Editor" for editing the mathematical formula among various process of MFM and defining the calculation methods of the statistic variable and energy indicators; and the "MFM Executor" for inputting the initial data, calculating the values for mass and energy flows of the processes in MFM and monitoring the computing process. The initial data for the MFM flow functions representing the energy system are usually obtained from the energy balance data of IEA (International Energy Agency) and the statistic bureau of individual country. The calculation methods of energy indicators are defined based on the definitions of the indicators.
In this study, the GIS is used to make various environmental or social statistics to obtain the corresponding energy indicators. The GIS module includes "Data Editor" for managing the database of GIS; "EISD Calculator" for calculating the value of EISD and "Map Displayer" for displaying the value of spatial data or attribute data on a map. Some spatial data can be purchased from the corresponding GIS data providers or download from some GIS data web servers and the attribute data can be obtained from the relevant statistic data of environment and socio-economy. The "Data Editor" in the GIS module can import, export and edit these data, and sometimes the ArcGIS9.1 desktop and some tools in the toolbox are also used to make some more complicated data pretreatment like the union and subtraction of map layers.
The DSR provides "DSR Editor", "Causality Editor" and "Reasoning Engine" to construct DSR model graphically for the EISD, the causality relations among them, and carry out various qualitative reasoning according to the defined causality relations. The generic causality relations among the EISD are defined based on the professional knowledge, common sense and advice of experts in the energy field. Also, the qualitative reasoning rules are based on the production rules as shown in the Fig.7 .
This system is developed by Microsoft Visual Studio .NET 2005 with an embeddable GIS component -MapObject2.3. And some necessary ArcGIS9.1 analysis tools (data management tool, spatial analysis tool, network analysis tool and 3D analysis tool and so on) are also used to preprocess the GIS data.
The utilization flow chart of the developed support system is shown in Fig.9 . First, MFM model is constructed based on the The connection relationships and mathematical formulas to augment the MFM model are also defined at the same time. In order to ensure the correctness of the constructed MFM model, automatic checking will be carried out. After that, the necessary initial data should be put in and all the necessary output items should be specified because not all the flow values of all the processes are necessary to be calculated. Then the calculations based on the connection rules and mathematical formulas are carried out based on the initial data. And when the flow values of all necessary processes in the MFM are obtained, the statistics of them will be obtained for some key variables. By grouping these key variables, EISD will be defined and calculated. At the same time, the user can execute the GIS analysis to calculate the EISD parameters which cannot be obtained by MFM. The MFM and GIS can share the data in common through the database. Lastly, various qualitative reasoning can be conducted by using DSR model for all the calculated EISD parameters. The last result of the analysis will be displayed by table and graph, and the GIS also can be used to display some necessary generic information for the result such as the potential locations for the nuclear power plants on map.
Case Study
As a case study of the application of the developed system, the sustainability of energy system of China is assessed comprehensively from social, economic and environmental aspects. And the initial data of the database are obtained from the data sources of IEA and the Statistic Bureau of China (37) - (40) .
The energy system of China may be one of the most complicated energy systems in the world wide due to the characters of world's largest population, second largest energy consumer and one of the most rapidly growing countries. Its annual GDP growth rate recoreded about 10% during the last two decades in average, and the total primary energy supply (TPES) in 2004 exceeded 1600 Mtoe, equivalent to about 14% of the world total. However, China is also one of worst polluters in the world with second largest CO 2 emissions and various negative environment consequences for the water, air and land, which are considered as damaging the sustainability of the energy system.
In order to analyze the complicated energy system of China for sustainable development and make appropriate ploicy to improve it, the IAESSD is used. First the MFM model of Chinese energy system for the whole country is constructed, as shown in the Fig.10 . The whole energy system is divided into three segments: energy supply, energy transform and energy consumption. The Total Primary Energy Supply (TPES) includes primary energy production in domestic, changes of the stocks, and the import and export. The energy transform includes mainly the power and heat generation from primary energy. The energy consumption or the Total Final Consumption (TFC) includes the consumption in the sectors of industry, transport, resident, commerce, agriculture, forest, etc. The "SubNet" relations are employed to represent some processes in details. Based on the MFM computation rules as described in Subsection 3.1(3) above and the basic data for the energy flow, some EISD parameters are calculated out based on the MFM model, and the results are shown in Table 4 . As for the MFM based calculated EISD of China, some examples are explained as follows. The desired direction of each EISD is also determined at the same time according to the aim of China is said using too much coal, and the coal share in the TPES is a very import indicator to measure the cleanness degree of the energy structure, and it can be obtained by dividing the coal supply by the TPES. In the same manner, the shares of crude oil, natural gas, etc. are also defined. Furthermore, the government of China has long pursued "Self-dependency" energy policy, so the availability of energy fuel supplies is a key aspect of sustainability for China. The Reserves/Production (R/P) ratio provides a basis for estimating future energy supplies with respect to current availability of energy reserves and levels of production. This indicator is obtained by dividing the reserves remaining at the end of any year by the production in the same year. The value of this indicator is the length of time that those remaining reserves would last if production were to continue at that level. Although China is predominantly self-sufficient at present in energy supply, China in recent years has become an energy net import country from an energy net export country due to the fast increasing energy demand. So the net energy import dependency is very important indicator to measure the energy security issue in China. So this indicator is also defined, and it can be obtained by dividing the net import energy by the TPES. And, according to the three principle of sustainable development described in Subsection 2.1, the utilizaiton of renewable energy can decrease the dependency on the fossil fuel which always cannot be regenerated. So the renewable energy share in the total energy supply is very important indicator to measure the renewable degree of energy supply of the whole system, and this indicator can be obtained by dividing the renewable energy by the TPES. Furthermore, China is the second largest CO 2 emitter following the USA, therefore, the nuclear energy share is adopted as a very import indicator to measure the cleaness of the energy structure of China. And the sum of the renewable energy share and nuclear energy share is the non-carbon energy share, which is also adopted to measure the energy clean degree of China.
Here, the GIS not only stores and manages various socio-economic and environmental data such as population, GDP, various energy reserve, etc., but also conducts the quatitative calculation for corresponding EISD parameters in social and environmental dimensions based on these data by using the predefined mathematic and statistic models. Ever since her transition to the reform and open-door policy, the living standard of people has been improving, therefore, two very import social indicators-urbanization and motorization are introduced to represent social driver force for the energy consumption. However, because China has pursued a policy that allows those who are able to become rich first, and then seeks to raise living standards for impoverished groups. This policy brought rapid development for some, while others were left far behind. The results were major development gaps and energy consumption per capita between urban and rural areas, and between coastal and inland regions. This is not a good trend in the viewpoint of sustainable development. So, the EISD parameters including the provincial GDP disparity and provincial energy consumption disparity are defined and calculated by using the GIS module as shown in Fig.11 . The total population and total GDP of whole country are also calculated by using the GIS as shown in Table 4 .
The causality relationships of the calculated EISD based on MFM and GIS are modeled by using the DSR module of the
Recommended Policies
Policy Effects Prediction Fig. 13 . The recommended policies for the decrease of CO 2 emisson and the predicted policy effects with the development of the nuclear energy with great amount developed IAESSD as shown in Fig.12 . According to the analysis result of the IAESSD, the CO 2 emission per capita became higher in 2004 compared with 2000. The basic causes are the increase of the TPES due to the improvement of the urbanization and motorization, the rise of the coal share in the TPES, the fall of renewable energy share in the TPES and the fall of energy conversion efficiency as shown in the Fig.12 . Which cause the CO 2 emission per unit TPES to increase, the energy intensity (TPES per unit GDP) to increase and the TPES per capita increase, lastly the CO 2 emission per capita to increase at last.
If the decrease of the CO 2 emission per capita is taken as the expected result, as shown in the Fig.13 , the policies are recommended by the IAESSD. The detailed information of the policies are shown in Table 5 , in which the policies are divided into four priorities according to the relationship between desired direction, development trend and the expected policy effect.
Then, the development of nuclear energy with great amount is taken as a new policy as an example. The IAESSD shows athways and subsidiary effects from the point of a policy's implementation to its impacts as shown in Fig.13 . The nuclear energy development can decrease the CO 2 emission and decrease the net import dependency at last.
In order to ensure the correctness of the output of the IAESSD, the correctness of the quantitative calculations of the EISD parameters based on MFM and GIS, and the reasonability of various qualitative reasoning based on DSR model are verified by the authors step by step. The results of the verification show that every part of the IAESSD can work well.
Conclusion
The concept of integrated analysis and evaluation support system for the sustainable development (IAESSD) of energy system has been proposed. And the system has been materialized as a software platform. The proposed support system can model, simulate and account for the energy flows in the target energy system with the corresponding socio-economic and environmental consequences of them based on MFM and GIS, then calculate relevant EISD parameters. Lastly, The DSR model is employed to organize the calculated EISD parameters to reduce the causality relations among them for evaluating the effect of energy policies for improving the sustainability.
As a case study, the energy system of China is simulated and analyzed by using the developed support system. As the result of analysis, the causes of the energy system development in the last 5 years are tracked and some recommended energy policies are reviewed. Through the conduct of this case study, it has been proven that the developed support system-IAESSD can output reasonable and comprehensive results, and this system has been proven to become a powerful and feasible tool for analyzing the energy system for sustainable development.
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